In order to assist with the development of more selective and sensitive methods for thyroid hormone analysis the [M-H]-anions of the iodothyronines; T4, T3, rT3, (3,5)-T2 and the non-iodinated thyronine (T0) have been generated by negative ion electrospray mass spectrometry. Tandem mass spectra of these ions were recorded on a triple quadrupole mass spectrometer and show a strong analogy with the fragmentation pathways of the parent compound, tyrosine. All iodothyronines also show significant abundances of the iodide anion in their tandem mass spectra, which represents an attractive target for MRM analysis, given that iodothyronines are the only iodine bearing endogenous molecules. Characteristic fragments are observed at m/z 359.7 and 604.5 for rT3 but are absent in the spectrum of T3 thus differentiating the two positional isomers. The striking difference in the fragmentation patterns of these regioisomeric species is attributed to the increased acidity of the phenol moiety in rT3 compared with T3. 
Introduction
Thyroid hormones are iodothyronines derived from the amino acid tyrosine and are the only endogenous molecules to contain iodine. They are secreted by the thyroid gland, which, in humans is a butterfly-shaped gland located just below the larynx in the neck. 1 These compounds are involved in the regulation of various pivotal biological processes including growth and development, carbohydrate metabolism, oxygen consumption, protein synthesis and foetal development. [2] [3] [4] It has also been proposed that these molecules may act as antioxidants. 3, 5 Thyroxine (T4 or 3,5,3′,5′-tetraiodothyronine) was first crystallised as early as 1914 and its structure was correctly determined by 1926. 6 T4 is a hydroxyphenyl ether of tyrosine containing four iodine atoms located in the 3-and 5-positions of each benzene ring ( Figure 1a ). Other homologues have also been subsequently characterized including 3,5,3′-triiodothyronine (T3), 3,3′,5′-triiodothyronine (rT3) and 3,5-diiodothyronine (T2) for which structures are shown, along with the parent thyronine (T0), in Figure 1 . As the structure of these molecules suggests, thyroid hormones are highly lipophilic at physiological pH with T4 having a phosphatidyl choline/aqueous partition coefficient of between 12,000-23,500. 7, 8 As a consequence, more than 99% of thyroid hormones (T4 and T3) circulating in the plasma are bound to plasma proteins such as thyroxinebinding globulin.
[FIGURE 1]
Measurement of thyroid hormone levels in blood are essential to be able to assess thyroid function, that is, to monitor hyper-or hypo-thyroidism. For example, measurement of high levels of plasma T3 is critical for diagnosing hyperthyroidism. Reliable measurement is also important for adjusting antithyroid drug dose. 10 The detection and differentiation of thyroid hormone homologues is also important for understanding the biochemical relationships and varying functions between these species in vivo. For example, T4 is known to be secreted directly from the thyroid gland, while most T3, and all rT3, T2 and T0 are produced by peripheral deiodination of T4. 3 There are numerous problems associated with the analysis of thyroid hormones which can cause disagreement among values obtained by different analytical methods. 11 This has lead to a recent interest in the use of liquid chromatography-mass spectrometry (LC-MS), [10] [11] [12] [13] [14] [15] which has several advantages over existing radio-immunoassay (RIA) and gas chromatography-mass spectrometry (GC-MS) methods. 16 to-date there has been no comprehensive study investigating the collision induced dissociation of this class of molecule. The ability to measure and differentiate between the various iodothyronines in the same sample is an important investigative tool for understanding the various deiodinative pathways involved in the metabolism of thyroid hormones.
As a part of a larger study to investigate the role of thyroid hormones as potential membrane anti-oxidants, we present here a detailed study of the fragmentation pathways of thyronines upon collision induced dissociation and propose mechanisms to account for the product ions observed.
Experimental

Mass Spectrometry
Thyronines, tyrosine, tyrosine methyl ester and 4-hydroxycinnamic acid were obtained from Sigma-Aldrich (Castle Hill, Australia) and were used without further purification. Standard solutions of 10 µM were prepared in methanol:chloroform (approximately 2:1 by volume) with the pH adjusted to 9-10 using aqueous ammonia. Deuterium exchange was performed using d 1 MS/MS spectra were obtained by mass-selecting the parent ion using Q1 and scanning for product ions using Q3. Argon was used as the collision gas at a pressure of 4×10 -3 Torr. ESI-MS and ESI-MS/MS spectral data presented in this paper result from the average of at least 50 scans. The data was baseline subtracted (40% background subtract with a first order polynomial) and smoothed (two mean smooths using a peak width of 0.7 Th) using the MassLynx software (Waters, Manchester UK). The high resolution ESI-MS/MS spectrum of deprotonated tyrosine was obtained using a Q-ToF2 quadrupole-time of flight instrument (Waters, Manchester, UK).
Results and Discussion
The negative ion ESI-MS/MS spectra of the [M-H] -anions formed from the thyronines T4, T3, rT3, T2 and T0 were recorded using a triple quadrupole mass spectrometer and the spectra are presented in Figure 2 . In order to rationalise the fragments, the corresponding spectrum of the [M-H] -anions formed from the ESI of tyrosine was also recorded under the same instrumental conditions and is presented in Figure 3 . 
T0
The ESI-MS/MS of the [T0-H] -anions is given in Figure 2 In this case the iodide anion can bring about elimination of HNCHCO 2 H and formation of a stabilized benzylic anion. It is significant to note that the ring fission pathway observed for T0 (Scheme 5c) is effectively switched off for T2. This is not surprising given that the mechanism proposed for this pathway (Scheme 5c) relies on proton abstraction from the meta position, both of which are blocked by iodine in the structure of T2. Homolytic cleavage of the carbon-iodine bond is also observed in the fragmentation of T2 with the resulting ions observed at m/z 396.9 (loss of I) and m/z 379.9 (loss of NH 3 and I). Such fragmentation is unusual in even electron anions but it is reasonable in this case because of the low energy of the carbon-iodine bond (DH 298 [Ar-I] = 280.8 ± 5.9 kJ mol -1 ). 31, 32 It is significant to note that for deprotonated T2 the loss of CO 2 from the [T2-H- . This is most probably because further activation of the nascent carboxylate anion results in elimination of I -, as outlined in Scheme 7, in preference to the decarboxylation observed for the non-iodonated compounds. This proposal is supported by the CID spectrum of the source formed carboxylate anion, which shows I -as the only major fragment (Table 1) . (Table 1) is also observed at m/z 604.6 corresponding to a loss of 48 Da, thus identifying the fragmentation as the concomitant loss of ND 3 and CO. This result further attests to the mobility of the amide anion within the ion-neutral complex prior to dissociation, indicating that it is capable of migration from the amino acid portion of the molecule to affect deprotonation at the phenol moiety. It strongly suggests that the increased acidity of the phenol moiety in rT3 due to the presence of the two iodines on the outer ring is a critical factor in altering the fragmentation pattern of this species relative to the T3 isomer. The loss of CO has previously been observed in the high energy CID studies of phenoxide anions 33 and is favoured due to the formation of the aromatic cyclopentadienyl anion. Such a precedent might suggest that in this instance that decarbonylation of the bottom ring arises from the exothermic abstraction of the phenol proton as outlined in Scheme 9a, however, the possibility that CO is lost from the amino acid moiety, as indicated in Scheme 9b, cannot be excluded. 588.7) are due to radical processes, directly analogous to the pathways observed for rT3 (cf.
Scheme 6a
Scheme 8.
Scheme 8).
Conclusions
The thyronines examined in this study were readily ionisable by negative ion ESI, forming 
